Abstract Humid tropical landscapes are subject to intense weathering and erosion, which strongly influence sediment mobilisation and deposition. In this setting, we aimed to understand how geomorphology and hydroclimate altered the style and intensity of erosion and sediment composition in a tropical lake and its tectonically active catchment. Lake Towuti (2.75°S, 121.5°E) is one of the oldest and deepest lakes in Indonesia, with uninterrupted lacustrine sedimentation over several glacial-interglacial cycles.
Introduction
In the humid tropics, intense weathering results in a thick soil cover that is very susceptible to erosion by mass-wasting and high rainfall events. Soils provide an important resource for economic development in many (tropical) countries, both for agricultural use and mineral exploitation (U.S. Geological Survey 2017). Specifically, laterites are autochthonous weathering products characterised by high concentrations of immobile elements such as Fe and Al in the upper soil horizons (Widdowson 2007) . There are several studies of laterite properties in tropical Africa (Ogunsanwo 1988; Omotoso et al. 2012; Adunoye 2014 ), but there is little known about how laterite properties influence erosion and sedimentary processes. Similarly, although a number of studies described the laterization of ultramafic bedrock (Golightly and Arancibia 1979; Colin et al. 1990; Brand et al. 1998; Sagapoa et al. 2011; Marsh et al. 2013) , these studies often focused on ore exploration. The interaction between climate, soil properties, catchment geomorphology, and sedimentary processes has rarely been explored in laterite landscapes, and in the humid tropics in general.
Equatorial Lake Towuti (2.75°S, 121.5°E, 560 km 2 , * 200 m maximum water depth; Fig. 1 ) is one of the oldest lakes in Indonesia (Von Rintelen et al. 2012) . The catchment geology consists of dunites, lherzolites, and harzburgites of the East Sulawesi Ophiolite complex (Kadarusman et al. 2004) , upon which thick laterites have developed. Particles and solutes delivered to the lake are exceptionally rich in iron, but very poor in sulphur and macronutrients, setting the stage for unusual biogeochemical cycles, ultraoligotrophy, and a highly adapted, mostly endemic lake fauna and flora (Haffner et al. 2001; Crowe et al. 2008; Von Rintelen et al. 2012) . Most of the lake is surrounded by dense, closed-canopy rainforest; however, based on satellite images, * 25% of the lake catchment is now deforested as a consequence of anthropogenic activities. Previous studies of Lake Towuti suggest that during the past 60,000 years, hydrologic changes driven by changing global climate boundary conditions had large impacts on lake sedimentation (Russell et al. 2014; Vogel et al. 2015) . Lake-level lowstands were accompanied by delta progradation into the deeper basins, which favours lateral transport processes relative to pelagic sedimentation . This change in depositional modes leads to coarsergrained sediments in the deeper basins and associated changes in mineralogy (Weber et al. 2015; Goudge et al. 2017) . In 2015 the International Continental Scientific Drilling Program (ICDP) Towuti Drilling Project (TDP) recovered cores through the entire sediment infill of Lake Towuti, which record uninterrupted lacustrine sedimentation over several glacialinterglacial cycles .
We carried out novel analyses of bedrock and soil samples from Lake Towuti's catchment, along with geomorphological analyses, to characterise and understand modern source-to-sink processes around this tropical lake system. We analysed the inorganic geochemistry, clay and bulk mineralogy, and sedimentological characteristics of bedrock, soils, and lake surface sediment and core samples to disentangle the effects of climatic and tectonic processes and their influence on erosion and sedimentation. We applied this understanding to interpret mineralogical and geochemical variations in two sediment cores that extend 30 and 60 kilo years before present (kyr BP). This study links modern sedimentation processes to existing and new palaeoclimate reconstructions from Lake Towuti to better understand modern tropical lake systems and how such systems change under different climate boundary conditions. Such a study is timely, given the unprecedented rates of anthropogenically induced change that tropical regions are currently undergoing.
Hydrologic setting
Lake Towuti is part of the Malili Lake System, a chain of five tectonic lakes located on the island of Sulawesi, Indonesia (Fig. 1) . The lake receives annual precipitation of * 2700 mm, with peak rainfall (* 330 mm/month) in austral autumn (MAM), and comparatively dry (* 140 mm/month) austral spring months (ASO; Konecky et al. 2016) . Lake Towuti is a hydrologically open lake with one outflow, the Larona River (Fig. 1c) . The lake is split into two connected major basins to the north and south (Figs. 1c and 2 ), which are separated by bedrock highs above and below the current water surface Russell et al. 2016) . To the north, the lake is connected to upstream Lakes Matano and Mahalona via the Mahalona River (Fig. 1d) , which dominates water and sediment input to Towuti's northern basin (Costa et al. Fig. 1 (a) Location of Lake Towuti on the island of Sulawesi, Indonesia. (b) Geologic map of the Malili lake system with Lake Towuti and upstream Lakes Mahalona and Matano, modified after Costa et al. (2015) . (c) Map of the sampling locations around Lake Towuti; data for river bedload (squares) from Costa et al. (2015) . (d) Map of Lake Towuti, with river names and sampling locations. Red circles indicate the three coring sites of the ICDP Towuti Drilling Project 2015). The large catchment of the Mahalona River includes the Lampenisu River catchment, which is characterised by Quaternary alluvium and partly serpentinised peridotites. Together, the two rivers comprise 25% (293 km 2 ) of the catchment area of Lake Towuti, excluding the catchments of Lakes Matano and Mahalona. Despite severe drying during the last glacial maximum (Russell et al. 2014) and associated lake-level lowstands, the lake remained hydrologically connected to upstream lakes via the Mahalona River throughout the last 60,000 years (Costa et al. 2015) . Lake Towuti's southern basin has four prominent inflows. The Loeha River drains a catchment hosting metasedimentary rock to the east of the lake, the only source of felsic minerals in the catchment of Lake Towuti (Fig. 1b and d , Costa et al. 2015) . Three rivers at the southern tip of the lake jointly drain 10% of the lake's catchment and are underlain by ultramafic rocks. Lake Towuti's western and northeastern shores are dominated by steep slopes and densely vegetated catchments with no major permanent river drainage (Fig. 1d ).
Materials and methods

Geotechnical and geomorphological analysis
River and catchment morphology were analysed using a digital elevation model (DEM) of the Lake Towuti region. The DEM is based on data from NASA's Shuttle Radar Topography Mission at 1 arc-second (30 m) spatial resolution (available at: http:// earthexplorer.usgs.gov, last accessed: February 09 2017). Rivers and catchment boundaries were identified using the hydrology toolset in ArcGIS 10.1 (Esri, USA). Catchment sizes, river lengths, trunk channel relief, and long profiles were calculated based on this DEM data set.
In total, 18 bedrock samples (from 12 locations) and 6 laterite profiles (21 samples) were collected in May-July 2015 (Fig. 1c) . Samples cover varying degrees of serpentinisation of the peridotite bedrock and represent all the vertical zones of the laterites. Because of accessibility, all samples were taken northwest of the lake (Fig. 1c) . Representative laterite samples, formed on serpentinised and non-serpentinised peridotites, were dried at 110°C overnight and their plasticity index (I p ), grain-size distributions, soil cohesion (c), and friction angle (angle of internal friction u) were determined at the geotechnical laboratory of the Bern University of Applied Sciences in Burgdorf, Switzerland. Grain-size data were acquired following Swiss norms SN 670 816a and SN 670 902-1. Samples were treated with 15 ml Na(PO 3 ) 6 for 24 h before settling, wet, and dry sieving. The resulting grain-size distribution curves were categorized following the Unified Soil Classification System and corresponding geotechnical parameters were selected according to Swiss Norm SN 670 010. The parameters u and c were determined in repeated direct shearing tests, for which varying loads (20, 40, and 80 kN) were applied to the samples for 20 h before samples were sheared at a rate of 1 mm per minute under undrained conditions (German Industrial Norm DIN 18137-1 and DIN 18137-3). To calculate the plasticity index, plastic and liquid limits of samples were determined following Swiss Norm SN 670 345b, which follows Casagrande (1932) .
Surface sediment collection and sediment coring
In 2015, 84 surface sediment samples from across the entire lake were recovered from water depths between 2.8 and 195.5 m with a grab sampler. Samples integrate the uppermost 3-5 cm of recovered sediment, representing 200-250 yr of sediment accumulation in the deep basins (Russell et al. 2014; Vogel et al. 2015) . Core Co1230 (19.8 m long, base 14 Cdated to 27 kyr BP) was recovered from a distal position to the Mahalona River Delta in the northern basin at * 203 m water depth in 2010 . Core IDLE-TOW10-9B-1 K (hereafter TOW9) was recovered from 154 m water depth. This 11.5-m core was dated to * 45 kyr BP by 14 C dating at 8.95 m depth, and the sedimentation rate over this interval was extrapolated to an age of 60 kyr BP for the core base (Russell et al. 2014 ). Vogel et al. (2015) , who analysed the samples on a laser diffractometer (Malvern Mastersizer 2000S). The grain-size distribution of lake surface sediments was measured at the University of Cologne, Germany, with a Beckman Coulter LS13320 laser diffractometer. Samples were treated with 15 ml H 2 O 2 (30%), 10 ml HCl (10%) and NaOH (1 M) prior to analysis.
Bulk and clay mineralogy
One representative laterite profile over both serpentinised and unserpentinised peridotite bedrock, respectively, was analysed for bulk mineralogy by x-ray diffraction (XRD) on a PANalytical Cubix 3 goniometer with a Cu-tube and a monochromator (45 kV, 40 mA, 5°-60°2h). The bulk mineralogy of a lake surface sediment transect from the Mahalona River mouth to coring site TOW9 was determined by XRD on a PANalytical X'Pert Pro with a Cu X-ray tube (40 kV, 40 mA, 5°-60°2h). Prior to analysis, freezedried samples were mixed and homogenized with 10 wt% LiF to provide a standard for peak integration and quantification. Additionally, thin sections of bedrock and saprolite zone samples were examined with a polarizing light microscope.
Clay mineralogical analyses were performed on all sediment samples. The \ 2-lm size fraction (clay size) was separated from the sample by Atterberg separation (Robinson 1922 ; * 0.5 g of sample, 4.5-h settling time, 6-cm settling height, 21°C). For XRD analyses on oriented clay mounts, the clay fraction was added to three glass plates and dried overnight. One glass plate was measured immediately on a Phillips PW1830 Goniometer (40 kV, 30 mA, 2°-40°2 h), another plate was kept in an ethylene-glycolsaturated atmosphere for at least 48 h prior to measurement, and one plate was heated at 550°C for 1.5 h before measurement (Electronic Supplementary Material [ESM] Fig. S1a ). By comparing the three treatment spectra, we identified characteristic peaks for smectites (5.2°2h), illite (8.8°2h), serpentines (12.24°2 h), and kaolinite (12.5°2h) in the ethylene-glycolsaturated spectrum (ESM Fig. S1a ). Kaolinite and serpentine peaks were separated using peak separation software (MacDiff, R. Petschick, Frankfurt, Germany, 2001), the output being peak height in absolute counts. Only selected XRD measurements were done for the highly cemented laterite samples. To further evaluate the interpretation and separation of kaolinite from serpentine minerals by XRD analysis, clay separates of core Co1230 and all bulk samples were also measured by mid-infrared (MIR) Fourier-TransformInfrared-Spectroscopy (FTIRS). For this, 0.011 ± 0.0001 g of freeze-dried material was mixed with 0.5 ± 0.0005 g of spectroscopic grade KBr and homogenised for at least three minutes. FTIRS analyses were performed at the University of Bern, Switzerland, using a Bruker Vertex 70 equipped with an HTS-XT accessory unit, a liquid nitrogen cooled MCT (Mercury-Cadmium-Telluride) detector, and a KBr beam splitter, in the wavenumber range 3750-520 cm -1 at a resolution of 4 cm -1 . All measurements were performed in diffuse reflectance mode. Several mineral-characteristic absorbance peaks appear as prominent features in the Towuti samples. Diagnostic peaks for kaolinite were centred at 692, 913, 3620 cm -1 , caused by translational, librational, and stretching vibrations of OH groups, respectively, in kaolinite group minerals (Chester and Elderfield 1973; Farmer 1974; Madejová 2003; Chukanov 2014) . Identified absorbance peaks diagnostic for serpentine group minerals were centred at 640, 958, and 3685 cm -1 , caused by bending, libration, and stretching vibrations of OH, respectively (Farmer 1974; Madejová 2003; Chukanov 2014) . Peak integrals of diagnostic peaks are highly correlated for the individual mineral groups, emphasizing that absorbance in the analysed regions is diagnostic for the respective mineral group, without significant bias from other phases absorbing in the same region (Chester and Elderfield 1973) . For further analysis, peak areas with highest correlation to clay XRD and geochemical composition were chosen. These were peaks at wavenumbers 900.8-924.6 cm -1 for kaolinite and 3674.9-3694.2 cm -1 for serpentine.
Statistics and data analysis
All statistical analyses were performed in R (R Development Core Team 2008). For Pearson correlation tests, normality of the variables was tested with the Shapiro-Wilks test. If the data were not normally distributed, Spearman's rank correlation was used to test for correlations. Statistical parameters are given as mean and one standard deviation. All maps were created in ArcGIS 10.1 (Esri, USA). Unless otherwise stated, interpolation of the surface sediment measurements is based on Kriging (Gaussian process regression) with a fixed radius of 5 km and a minimum of 5 data points used for calculations. Raster size is 50 9 50 m. A geometrical classification was chosen for data visualisation.
Results
Catchment morphology
The three connected lakes of the Malili Lake System (excluding its two satellite lakes) drain a hydrologic catchment area of 2430 km 2 . Upstream lakes and their surroundings account for a catchment area of 1286 km 2 . We assume that Lakes Matano and Mahalona function as sediment traps, providing water, but little sediment, leaving an area of 1144 km 2 to supply the majority of sediment to Lake Towuti (ESM Table S1 ). Rivers drain 86% of Towuti's catchment (excluding upstream lake catchments), whereas 14% of the area may be drained by surface runoff and/or ephemeral streams, or is left undrained. The catchments around Lake Towuti have mean slope angles between 13.1°and 16.8° (Fig. 2 , ESM Table S1 ). The trunk channel relief (as defined by Whipple et al. 1999 ) varies between 150 and 680 m over distances from 5 to 43 km. Excluding the catchments that feed into upstream Lakes Matano and Mahalona, the Mahalona River drains the largest catchment (293 km 2 catchment size, 43 km length, 14.5°average catchment slope), the majority of which consists of the Lampenisu River, followed by the Timampu River (141 km 2 catchment size, 18 km length, 13.1°average catchment slope) and the Loeha River (84 km 2 catchment size, 21 km length, 15.5°average catchment slope). Several knickpoints are present in the river courses to the east of Lake Towuti (Fig. 2) . Most prominent, the Loeha River drops by 400 m over a distance of 2.5 km (average river slope 9.1°). Along the Lampenisu River profile, the Matano Fault, a highly segmented, sinistral strike-slip fault with an extensional component (Watkinson and Hall 2016) , creates an elevation offset of about 50 m over a distance of 400 m (average river slope 7.1°), which is also clearly visible in an abrupt change of slope angle in the northern part of the Lampenisu River catchment (Fig. 2) . Rivers to the south and northwest have welldeveloped river profiles. The three major rivers, the Mahalona (north), Loeha (east), Timampu (northwest), and the southernmost rivers, have wide alluvial plains in their lower course. Observations during fieldwork in 2015 indicated that the rivers on these alluvial plains presently cut into fluvial gravel deposits and have wide stream channels with exposed gravel bars along both sides of the active channel.
Laterites
The six laterite profiles investigated (Fig. 3, ESM  Fig. S2 ) varied in thickness between 2 and 6 m and show a clear colour zonation with the uppermost horizon characterised by dark red material (approximately 0.2-1 m thick, 6 samples). Going deeper, this grades into a lighter red colour (0-1 m thick, 5 samples), followed by a yellow intermediate zone (1-2 m thick, 7 samples), then a green-grey-coloured saprolite zone (0.5-3 m thick, 5 samples) just above the unweathered parent rock. The colour zonation is very clearly reflected in elemental gradients, which are similar in soil profiles over varying degrees of bedrock serpentinisation (Fig. 3, ESM Fig. S2 ). In the laterites, Al, Fe, Ti, K, Cr, Zr, Zn, and Mn are enriched relative to the saprolite and bedrock, peaking in the red rather than the uppermost dark red zone ( Fig. 3 and ESM  Fig. S2 ). In contrast, Mg and Ca have the highest concentrations in the saprolite and bedrock, and decrease markedly upwards in the laterite (Fig. 3  and ESM Fig. S2 ). Nickel concentrations peak in the saprolite zone with an average concentration of 1.5 ± 1.1%. Laterite profiles 1, 3, and 4 are located on slopes and coarse pebbles were visible in the dark red matrix of the uppermost zone, but the pebbles were not included in the samples used for analysis. Average concentrations of Al ranged from 4.3 ± 1.2% in the uppermost dark red horizon to 0.9 ± 0.9% in the bedrock. Likewise, Fe (dark red zone: 32.8 ± 15.8%; bedrock: 5.8 ± 0.3%) and Ti (dark red zone: 0.1 ± 0.06%; bedrock: 0.03 ± 0.05%) were concentrated in the laterite relative to unweathered bedrock. Mg concentrations increased from 6.8 ± 6.5% in the uppermost horizon to 39.3 ± 6.3% in the bedrock. The CIA shows strongly increasing values from bedrock (mean 33.6 ± 15.3) to the overlying laterite (mean 94.0 ± 9.1).
Bulk XRD and thin section analyses show that unserpentinised rocks consist of olivine ([ 60%), clino-and orthopyroxenes (diopside and enstatite, 10-25%), and small amounts (\ 5%) of accessory minerals such as magnetite, illmenite, amphiboles, and goethite. Parts of the bedrock have undergone secondary serpentinisation close to the surface (ESM Fig. S3a ). The main mineral phases in serpentinised samples are chrysotile and antigorite, with small amounts of magnetite and chlorite. In places, initially serpentinised peridotites have undergone a second alteration to form very fine-grained olivine and amphiboles (tremolite). In the weathering crust of the bedrock samples, serpentine and magnetite rinds Fig. 3 Average element concentrations of six laterite profiles (for data from individual profiles, see Fig. S5 ). Depth is the average depth of each of the five zones. Error bars correspond to ± one standard deviation are observed around disintegrating olivine grains (ESM Fig. S3c ). Small amounts of (clino)pyroxenes and amphiboles remain present in the saprolite and lower laterite zone. Veins in the saprolite and laterite are filled with very fine-grained secondary quartz crystals (ESM Fig. S3b ). In the laterite horizons, goethite is the dominant mineral phase (ESM Fig. S4) , and smectites are present in the yellow laterite horizon (ESM Fig. S4 ). FTIR spectroscopy further indicates the presence of kaolinite in the upper laterite horizons, whereas serpentines are more common in the lower laterite and saprolite zone (ESM Fig. S2c) .
Geotechnical parameters of the laterites are summarised in ESM Fig. S5 . Grain-size distribution curves are classified as silt with sand (ML) for sample Lat 8 a ? b (profile 4, red and yellow laterite zone), elastic silt (MH) for sample Lat 9 b ? c (profile 5, red and yellow laterite zone), silty sand (SM) for sample Lat 10 b ? c and Sap 3 (profile 6, red laterite zone, and profile 2, saprolite zone, respectively), and elastic silt with sand ( , respectively. The u-angles based on classification of grain size distribution curves are 34°in the saprolite zone, 25°-28°in the lower (lower red and yellow zone combined), and 33.6°in the upper laterite (dark red and upper red zone combined) horizons. Plasticity indices (I P ) are around 5% in the upper laterite horizon and saprolite zone, and 20-35% in the lower laterite horizon. Water content is 9.8% in the saprolite zone, between 44.3 and 104.2% in the yellow laterite horizons, and 17.9% in the red laterite horizon. Lake surface sediments Lake surface sediments close to the Mahalona River inflow are characterised by high Mg concentrations, whereas Al, Ni, and Fe concentrations are low (Fig. 4  and ESM Fig. S6 ). This pattern decreases with increasing distance from the river mouth. Similarly, sediments at the southern tip of the lake are depleted in Al and Ti, and enriched in Mg (Fig. 4) . In general, coarser-grained samples show a closer resemblance to bedrock samples, whereas the elemental composition of fine-grained samples is more similar to the composition of the laterites (Fig. 4, ESM Fig. S6 ). The lake surface sediments have a mean CIA of 79.3 ± 8.6. Values are lowest close to the inlets of the Mahalona and Loeha Rivers (CIA \ 70), and peak in the northeast and south of the lake (CIA [ 85; ESM Fig. S6b ). Delta sediments of the Loeha River are characterised by low concentrations of Ni, Cr, Co, and Fe and high concentrations of K, Ti, Al, Sb, and Sr (Fig. 4, ESM Fig. S6 , and Hasberg et al. 2018) . Except for isolated patches close to shore, e.g. close to the Mahalona River inflow, Al, Ni, and Ti concentrations are mostly homogenous across the lake (Fig. 4 and  ESM Fig. S6 ). Ca and Mg concentrations are generally higher in the northern (Ca: 0.72%; Mg: 7.13%) compared to the southern (Ca: 0.45%; Mg: 5.33%) lake basin.
The kaolinite-to-serpentine ratio is high in sediments off the Loeha River inflow and in areas without significant riverine runoff, whereas values are lower close to the Mahalona River and at the inflow of the southernmost rivers ( Fig. 4e and ESM Fig. S6g ). Clay mineralogical analysis shows general agreement between XRD results of the clay fraction (peak height) and bulk MIR-FTIRS measurements (peak area) for kaolinite and serpentine (Pearson correlation r = 0.50, and Spearman's rank correlation r = 0.69, respectively, p \ 0.01, n = 79, ESM Fig. S1 ), and also between clay XRD results and Al and Mg concentrations in the bulk sediment (Pearson correlation r = 0.56, and Spearman's rank correlation r = 0.64, respectively, p \ 0.01, n = 79, ESM Fig. S1 ). Bulk XRD analyses show a decrease in serpentines and amphiboles and an increase in quartz content (ESM Fig. S7 ) with distance from the Mahalona River, indicating that key elements are related to main mineral composition. The smectite-to-illite ratio is generally lower in the southern lake basin, especially around the Loeha River, whereas smectite is enriched relative to illite in the northern basin (ESM Fig. S6h ).
Sediment cores
Coring location Co1230 is more heavily influenced by hyperpycnal flows and turbidite deposition from the Mahalona Delta compared to coring location TOW9 . The fine-grained pelagic sediments of the two cores, however, show very similar trends in their geochemical composition. The Al/Mg ratio is low in the middle to late Holocene (6-4 kyr BP), between 27 and 15 kyr BP, and prior to 58 kyr BP (TOW9 only, Fig. 5a ). High Al/Mg values occur at 2 and 13-11 kyr BP, between 41 and 32 kyr BP, and at 55 kyr BP. Ti concentrations show a similar pattern, which is overlain by an overall decreasing trend from 55 to 15 kyr BP (Fig. 5b , Russell et al. 2014) .
Kaolinite and serpentine measured by clay-size MIR-FTIRS (band depth) and clay XRD (peak height) in Co1230 are strongly correlated (Pearson correlation r = 0.77, and r = 0.73, respectively, p \ 0.01, n = 14, ESM Fig. S1 ), as are clay XRD kaolinite and serpentine with concentrations of bulk Al and Mg (Pearson correlation r = 0.71, and r = 0.87, respectively, p \ 0.01, n = 15, ESM Fig. S1 ). Core TOW9 b Fig. 4 (a)-(d (Fig. 1d) .
(e) Mean daily insolation for March and September equinoxes at 2°S
shows coherent trends in clay XRD kaolinite and serpentine and concentrations of Al and Mg over the past 60 kyr (Fig. 5a and c) , but clay XRD and geochemical concentrations were not determined on the same sediment horizons, precluding analysis of correlation. The kaolinite-to-serpentine ratio is generally higher between 55 and 27 kyr BP compared to 27-0 kyr BP and prior to 58 kyr BP. For the past * 40 kyr, a similar pattern appears for kaolinite and serpentine, determined by near-infrared spectroscopy on other sediment cores from Towuti's northern basin (Goudge et al. 2017) .
Discussion
Weathering and erosion processes in Lake Towuti's catchment
The laterite profiles around Lake Towuti closely follow a geochemical and mineralogical zonation characteristic of well-developed tropical laterites (Colin et al. 1990; Brand et al. 1998; Marsh et al. 2013 ). We did not observe major differences in laterite zonation and elemental composition between the laterites across varying degrees of bedrock serpentinisation (ESM Fig. S2 ). Bedrock and laterite mineralogy indicate that olivine weathers readily whereas pyroxene remains present in the saprolite zone and lower laterite horizons. Veins in the saprolite and laterite consist mainly of secondary quartz (ESM Fig. S3 ) and may thus serve as a quartz source to the lake sediments in the ultramafic part of the lake catchment. Very high goethite concentrations in the upper laterite horizon and steep element concentration gradients through the laterite horizons indicate that most other components have been transformed or leached from the profiles (Golightly and Arancibia 1979; ESM Fig. S4 ). Peak elemental concentrations in the red rather than the uppermost dark red zone of laterite profiles from slope positions, e.g. in Fe and Al (Fig. 3, ESM  Fig. S2a ), suggest surficial reworking by slope processes. Coarse pebbles in the uppermost zone of some profiles support the idea of potential input of less weathered material from upslope positions. Features of slope processes, including slope creep and mass wasting, were clearly visible during fieldwork. Slopes with a steepness above the empirically determined critical angle of friction (25°-43°, i.e. areas that exceed the Mohr-Coulomb failure criterion) are found throughout the catchments and suggest that slope processes such as landslides are a prevalent feature in catchments around Lake Towuti and possibly similarly structured tropical catchments. Geotechnical analyses of the laterites around Towuti (ESM Fig. S5 ) suggest that upper laterite horizons have a larger grain size, lower water uptake capacity (I P of * 5%), and are stable at higher slope angles (u-angle 43.8°) compared to clay-rich lower laterite horizons with water content of up to 100% (I P of 18-20%) and a low (26.5°) critical angle of internal friction. Our analysis suggests that lower laterite horizons fail more readily compared to upper soil layers and thus function as a slip plane, mobilising the entire soil package when slope failures occur.
Seismicity-induced slope failure has been recognised as an important process in the erosion of tropical landscapes (Thomas 1996) , and in Lake Towuti's active tectonic setting, strong earthquakes occur regularly (Jones et al. 2014) . Recently, a shallowfocus M W 6.1 earthquake occurred in 2011 at the shore of Lake Matano, with a potential surface rupture length of 39 km (Watkinson and Hall 2016) . Detailed tectonic studies of the area are still lacking, but geomorphologic evidence and fault kinematics analyses suggest rapid slip rates along the Matano fault and activity throughout the Quaternary (Bellier et al. 2006) . Our analysis therefore suggests seismically triggered slope failures are important to erosion and sediment supply in tectonically active landscapes. In such environments, fault activity and seismic events enhance the mobilisation of the entire soil package, despite dense vegetation cover, and facilitate erosion of fine-grained soil material below the compacted upper laterite crust. In addition, slope processes also contribute directly to sedimentation in near-shore areas. Especially in the W and NE of the lake, steep slopes are located close to the lakeshore, such that mass movement material can directly reach the lake without intermediate fluvial transport and sorting of the material. During fieldwork in 2015, several mass movement deposits, which directly reach the lake shore, were observed. There is, however, no indication that such material directly reaches the coring sites in the deep northern lake basin.
Tectonics and lithologic changes also strongly affect the river catchments around Lake Towuti (Figs. 2 and 3 ). Steep hillslopes ([ 26°) along the Mahalona River and its tributaries north of the Matano Fault trace, in contrast to slope angles of mostly less than 5°located south of the fault (Fig. 2) , suggest a strong influence of tectonics on sediment mobilisation and composition. Tectonic uplift and earthquaketriggering of slope failures in this catchment provide a constant flux of sediment to the river system, and ultimately, to the lake. Gravel deposits that accumulated in former riverbeds of the alluvial plain, observed during fieldwork, point to a sizeable contribution of remobilized sediments in the overall load that enters the lake. To the east of Lake Towuti, bedrock abrasion at the river knickpoint of the Loeha River, in combination with tectonic disturbance along a fault running parallel to the eastern lake shore (Watkinson and Hall 2016) , likely explains the strong geochemical difference of the Loeha compared to the other rivers (ESM Fig. S8 ). As such, relatively small river catchments that are strongly influenced by tectonic disturbance can exert a strong influence on the geochemical composition of sediments deposited in the lake. Profiles of the smaller rivers to the northwest and south show no signs of recent tectonic activity, which results in a relatively low erosive capacity compared to the Mahalona and Loeha Rivers and thus a smaller influence on sediment composition at the sink.
The influence of erosional processes on lake sedimentation
The lake surface sediment geochemistry provides detailed information on the spatial variations in erosional processes and sediment composition in Lake Towuti. In areas of the lake where catchments are small and steep and valley incision is minimal, e.g. in the NE and SW, the elemental composition of the surface sediment closely resembles the laterite horizons. In these areas, slopes above the critical angle of friction are located close to the lake and mass movement processes may provide an important contribution to sedimentation. This is supported by high CIA values indicating weathered material across the western and northeastern parts of the lake compared to poorly weathered material delivered by the Mahalona and Loeha Rivers (ESM Fig. S6b) . Clay mineralogy analysis also shows a high kaolinite-to-serpentine ratio across the southern lake basin and close to the western lakeshore, where river inflow is small (Fig. 4e) . In these areas, laterite material may also be mobilised and transferred into the lake by shore erosion.
Geochemistry and mineralogy of the lake sediments (Fig. 4) close to major rivers, e.g. the Mahalona, show that these rivers cut deeply through the laterite soils, transporting fresh or poorly weathered material that is derived from the bedrock and saprolite zone (ESM Fig. S8 ; Goudge et al. 2017 ). This signal is also amplified by hydrodynamic sorting in the river deltas (ESM Fig. S6 ; data described in detail by Hasberg et al. 2018) . In addition to providing a more complete picture of the spatial extent of fluvial influence in the northern basin compared to previous studies, our results also confirm the finding by Costa et al. (2015) , Vogel et al. (2015) , and Goudge et al. (2017) that the Mahalona River exerts a dominant control on the present-day sediment composition of Towuti's northern basin. Our data further indicate that the mobilisation of fluvial deposits from the alluvial plains of the major rivers likely plays a role in lake sedimentation close to the river mouths.
Al/Mg as a proxy for lake level changes
The spatial patterns of chemically inert elements in the lake (e.g. Al, Mg, K, and Ti) show that today's sediment composition in the deep northern lake basin is a mixture of bedrock-derived sediments from the Mahalona River, sediments from the Loeha River, and laterite-derived input (ESM Fig. S8 ). In the catchment, Al, K, and Ti are enriched in the laterite horizons, whereas Mg is a characteristic element in the bedrock. Because K and Ti concentrations are relatively low (\ 1% in the lake sediments; Fig. 4 ), the ratio of Al and Mg was chosen to represent the relative contribution of bedrock and laterite erosion in Towuti's catchment. The Al/Mg patterns (Fig. 4f) correspond to gradients in mineralogy, namely in the abundance of kaolinite and serpentine in laterite and bedrock (as expressed in the kaolinite-to-serpentine ratio). Sediments sourced from the Loeha River are characterised by higher K concentrations relative to the rivers draining ultramafic catchments (ESM Fig. S8 ). The chemical composition of lake sediments and the sediment cores suggests that the Loeha River has a small (\ 10%) but detectable influence on sediment composition at the coring site (ESM Fig. S8 ). The Loeha River currently drains into the southern basin, but Costa et al. (2015) suggested that sediment from the Loeha reaches the location of core TOW9. The Al/ Mg ratio at the locations of TOW9 (0.56) and Co1230 (0.87) also indicates sources other than the Mahalona River (Al/Mg of 0.15 and 0.21 in bedload and suspended load, respectively; Goudge et al. 2017 ), e.g. input from laterite soils (Al/Mg between 0.83 and 2.14, Fig. 3 ) and the Loeha River (Al/Mg = 2.62; Costa et al. 2015) . Fine-grained Mahalona River sediments (Al/Mg of 0.32 and 0.37 in bedload and suspended load \ 32 lm, respectively; Goudge et al. 2017) and smaller rivers entering the northern basin (Al/Mg between 0.22 and 0.28; Costa et al. 2015; ESM Fig. S8 ; no data available for the Timampu River) cannot account for such high values. Therefore, the Al/ Mg ratio and the relation between Al-Mg-K provide information about the importance of the Mahalona relative to the Loeha River and laterite-derived sediments (ESM Fig. S8) .
Although bedrock geology, tectonic processes, and erosion in the catchment regulate the general composition of sediments in the lake, this composition is modified by changes in regional hydroclimate and lake level fluctuations. Decreased lake levels lead to a lower hydrologic base level and increased hydrologic gradients, which cause deeper incision. This favours bedrock erosion relative to surficial laterite erosion, and thus a lower Al/Mg ratio of the Mahalona River during lake level low stands. Remobilisation of bedrock-derived material in the alluvial river plains during lake-level low stands favours the deposition of Mg-rich material in the deeper lake basins. Furthermore, following the interpretation of Vogel et al. (2015) , a lower lake level decreases the distance between the shoreline and coring sites, causing a stronger influence of riverine suspended load and an increase in grain size at the coring locations. Because large grain sizes are enriched in Mg relative to Al (Goudge et al. 2017) , this effect lowers Al/Mg during dry periods. In addition, runoff is reduced, which decreases discharge volume and long-distance sediment transport capacity of the rivers. This likely reduces the influence of the Loeha River relative to the Mahalona River, which is located much closer to the coring site. Hence, we expect a lower Al/Mg ratio in the northern lake basin during drier climate conditions. In contrast, during lake-level high stands, lower hydrologic gradients favour a higher proportional erosion of laterite soils compared to bedrock incision, and a change from erosion to accumulation in the alluvial plains around the lake. The distance between shoreline and coring sites increases, which decreases grain size, whereas higher river discharge may increase long-distance transport capacity of the rivers, increasing the influence of the Loeha River at the coring site. These factors all increase the Al/Mg in the lake sediments during wet phases. Therefore, a high Al/Mg ratio indicates wet phases in the regional climate.
Disentangling the relative influences of tectonics and climate on lake sediment composition over time can be challenging. If fault activity in the whole lake catchment changes, sedimentation rates in the lake should change accordingly. This is not apparent in our sediment records, which span the past 60,000 years. If fault activity was enhanced along the Matano Fault, both river incision and soil erosion from steepening slopes in the river catchment should increase. If both effects were equally strong over millennial time scales, tectonic activity along the Matano Fault would not change the Al/Mg ratio in the lake significantly. In contrast, if the Loeha catchment is more strongly influenced by tectonics, K deposition at the coring sites should increase relative to Mg. This is more difficult to disentangle in the record, but an increase in kaolinite from the laterites, coinciding with an increase in K from the Loeha and a decrease in Mg from the Mahalona, would generally point towards climate (i.e. higher lake levels) rather than tectonics as the driving factor for the observed changes. Lake Towuti's palaeoclimate record In the past 60 kyr, Al/Mg, K, and kaolinite show similar trends in the record (Fig. 5) , suggesting a dominant influence of climate processes on pelagic sedimentation in the northern basin. Changes in the past 30 kyr are seen at both coring sites, TOW9 and Co1230 (excluding event layers; Fig. 5a and b) , emphasizing the homogeneity of pelagic sedimentation in the northern basin. In the past 60 kyr, the Al/ Mg ratio shows lowest values in the mid-Holocene (6-4 kyr BP), in MIS2, and around 58 kyr BP (Fig. 5a ). The latter two intervals correspond to glacial periods with substantial extents of northern hemisphere ice sheets. Based on data from the modern lake, our proxy record suggests that lake level was lower and climate conditions were drier during these periods compared to today. Accordingly, high Al/Mg values in the late Holocene, at the transition from the last glacial period, and during MIS3, indicate lake level highstands and a wet climate in Central Sulawesi. Our findings are in line with earlier studies from Lake Towuti (Russell et al. 2014; Costa et al. 2015; Vogel et al. 2015; Goudge et al. 2017 ), other studies from Sulawesi (Dam et al. 2001; Hope 2001; Dubois et al. 2014; Wicaksono et al. 2015 Wicaksono et al. , 2017 , and from the Indo-Pacific Warm Pool region (De Deckker et al. 2002; Reeves et al. 2013) , indicating a dry last glacial period. Vegetation around Lake Towuti, which is sensitive to climate rather than tectonics, also shows regional drying during MIS2 and wet conditions during MIS1 and MIS3 (Russell et al. 2014 ). These results suggest that climate was the dominant factor that shaped sedimentation in Lake Towuti over the last 60,000 years.
Interestingly, the Lake Towuti record indicates a pronounced dry period during the mid-Holocene (6-4 kyr BP) with minima in both the Al/Mg and kaolinite-to-serpentine ratios. This was described previously in a record from Lake Towuti that covered the last 45,000 years, and together with smaller variations during MIS2, was attributed to an 11-kyr, half-precessional signal (Goudge et al. 2017) . Our longer, 60,000-year record suggests that during MIS3, this potential 11-kyr cylicity is less pronounced or absent. This may be a consequence of a more dominant influence of the strong tilt of Earth's axis on northern hemisphere ice sheet extent during MIS3 (Van Meerbeeck et al. 2009; Svendsen et al. 2004; Helmens et al. 2007 ) and/or the influence of millennial-scale events triggered in the North Atlantic that are not resolved in our data time series (Dansgaard et al. 1993) . Alternatively, other mechanisms may be responsible for the pronounced dry period during the mid-Holocene, which would require further investigation.
Conclusions
Source-to-sink analysis of the geochemistry and clay mineralogy of Lake Towuti provided insights into the modern erosional processes and sediment composition in a tropical lake catchment characterized by ultramafic bedrock composition, lateritic soils, and active tectonics. Mass movement processes, tectonic disturbance of river profiles, and climate-induced remobilisation of fluvial deposits strongly influenced sedimentation at this site. Lower soil horizons can function as a slide plane during mass movement events, mobilising the soil package and contributing substantially to erosion in the steeper parts of this tropical catchment. In the northeastern and western lake catchment such mass movement events may supply material directly to the lake, whereas larger, tectonically disturbed rivers mainly erode and transport bedrock-derived material to the lake. Our analysis of the river profiles, along with spatially explicit analysis of surface sediment composition, added an additional, more process-based understanding of the contribution of tectonic disturbance to the sediment load delivered to the sink. In general, fault movement greatly influences the amount and dispersion of sediment delivered to the sink by disturbed, relative to less-disturbed, river systems.
Although tectonic processes and erosion in the catchment influence the general composition of the lake sediments, this composition is modified by changes in the regional hydroclimate over glacialinterglacial timescales. Based on the understanding of today's lake system, we identified the Al/Mg ratio as a proxy for lake level changes, which provide the dominant sedimentary signal for regional hydroclimate changes. Characterising and understanding the functioning of the modern lake system is crucial for the development and interpretation of sediment proxies, especially in geochemically exceptional lake systems such as Towuti. The complexity of processes described for this tropical lake catchment, in combination with the sampling and analytical approach applied, may help to inform future studies that aim to acquire information on landscape evolution in similar settings.
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